The polyglutamine disorders are a class of nine neurodegenerative disorders that are inherited gain-of-function diseases caused by expansion of a translated CAG repeat. Even though the disease-causing proteins are widely expressed, specific collections of neurons are more susceptible in each disease, resulting in characteristic patterns of pathology and clinical symptoms. One hypothesis poses that altered protein function is fundamental to pathogenesis, with protein context of the expanded polyglutamine having key roles in diseasespecific processes. This review will focus on the role of the disease-causing polyglutamine proteins in gene transcription and the extent to which the mutant proteins induce disruption of transcription.
One of the intriguing developments in human genetics is the identification of a mutational mechanism apparently unique to the human genome, the expansion of unstable nucleotide repeats (Gatchel and Zoghbi 2005) . Depending on the genetic context of the unstable repeat, the pathogenic mechanism underlying the disorder can be either a loss-of-function or gain-of-function mutation operating at either the RNA or protein level. A subclass of the unstable repeat disorders is caused by the expansion of an unstable CAG trinucleotide repeat located within the protein encoding region such that the repeat is translated into a stretch of glutamine residues; i.e., the polyglutamine diseases. Although rare as a group, the polyglutamine disorders represent the most common form of inherited neurodegenerative disease. At present, nine disorders make up this class of neurodegenerative disease (Table 1) . Initially, it was argued that the genetic similarities among these disorders strongly supported the hypothesis that these disorders shared a common mechanism of pathogenesis entirely dependent on the toxic properties of the polyglutamine tract. This typically centered on the enhanced ability of polyglutamine peptides to form intranuclear aggregates/inclusions (Ross and Poirer 2004) . The presence of these aggregates/ inclusions within the nuclei of affected neurons focused attention on the nucleus as the subcellular site important in pathogenesis. After much study, the concept of large aggregates/inclusions of mutant polyglutamine as the pathogenic species has become suspect (Arrasate et al. 2004 ). However, for many of the polyglutamine disorders, understanding events in the nucleus still remains crucial for comprehending pathogenesis.
Expansion of the polyglutamine tract is the trigger for pathogenesis. Yet, it likely does so by acting in concert with the other amino acids of the "host" protein (Orr 2001 ). This point is nicely illustrated by studies on SCA1 and AR/SBMA. In the case of SCA1, replacing single amino acids in ataxin-1 outside of its polyglutamine tract dramatically reduced the ability of mutant ataxin-1 (ataxin-1[82Q]) to cause disease in vivo (Klement et al. 1998; Emamian et al. 2003) . In SBMA, androgen binding to the ligand-binding region in AR is critical for pathogenesis (Katsuno et al. 2002 (Katsuno et al. , 2003 Takeyama et al. 2002) .
Central to the hypothesis of "host" protein amino acids having a fundamental role in pathogenesis is the concept that the normal function and protein interactions in which each polyglutamine-disease-associated protein participates are critical aspects of the pathogenic pathway. This review focuses on an examination of the evidence linking the disease-causing polyglutamine proteins to the regulation of transcription. Many transcriptional alterations have been reported early in disease progression for the various polyglutamine diseases (Sugars and Rubinsztein 2003) . In addition, mutant polyglutamine proteins have been reported to interfere with a large number of transcription factors. However, it is very hard to sort out primary from secondary effects in these studies. In this review we center the discussion on those polyglutamine proteins where the evidence indi-[Keywords: Gene expression; neurodegenerative disease; polyglutamine; transcription; trinucleotide repeats] cates they normally function to regulate transcription. It is reasoned such studies are more likely to provide mechanistic insight into dysfunctions induced by the disease-associated mutant forms of the polyglutamine proteins.
Precise spatial and temporal patterns of gene expression are crucial for normal development of all cells and tissues as well as the response of differentiated cells to changes in their environment. In the case of the latter point, there is no tissue whose proper function is more dependent on its ability to respond to changes in the environment than the brain. Coordinated transcription requires the synchronization of many events and mechanisms that depend on the regulated trafficking and interaction of numerous proteins. Such proteins include DNA-binding transcription factors, non-DNA-binding coregulators, and components of the basal RNA-polymerase apparatus. More recently, the fact that ubiquitin and the ubiquitin-proteasome system are important for proper control of transcription is becoming increasingly apparent. In addition to the components involved in transcription, eukaryotic gene expression consists of other multiprotein complexes that carry out the additional steps of premessenger RNA processing and export of mRNA to the cytoplasm. Rather than being discrete steps performed by distinct macromolecular complexes, the steps of gene expression are believed to form an extensive coupled network with proteins participating in more than one step (Maniatis and Reed 2002; Reed 2003) .
It is important to note that many regulators of transcription contain glutamine-rich activation domains that are typical of an extensive family of highly conserved transcriptional activators. These glutamine-rich activation domains are an important class of proteinprotein interacting motifs that enable transcription factors to interact with one another and thus regulate gene expression (Tanese and Tjian 1993) . Moreover, of the three polyglutamine disorders (SBMA, SCA6, and SCA17) where the disease-causing mutation occurs within a protein with a known function, two of these proteins have a well-established function involving the regulation of gene expression. These are the androgen receptor (AR; a DNA-binding nuclear receptor) in the case of SBMA and the TATA-binding protein (a DNAbinding component of the general transcription factor) in SCA17. It is with these two disorders that we start the discussion and proceed to those where the evidence in support of a direct role in transcriptional function/ dysfunction is less clear.
SBMA: neurodegeneration linked to a nuclear receptor
Spinal bulbar muscular atrophy (SBMA, or Kennedy's disease) is an X-linked motor neuron disease caused by the expansion of a polyglutamine tract within the AR (La Spada et al. 1991) . The AR is a nuclear receptor that regulates the expression of genes in response to the presence of androgens. Nuclear receptors are a family of transcription factors that switch between active and inactive states by the binding of a ligand to a conserved C-terminal ligand-binding domain (Mangelsdorf et al. 1995) . In addition, nuclear receptors have a conserved DNA-binding domain for sequence-specific binding to the regulatory region of genes whose expression they regulate. Nuclear receptors also have a less-conserved activation domain in their N-terminal regions. The AR polyglutamine tract is located within the N-terminal activation domain. Normal, wild-type alleles are highly polymorphic, having 6-39 glutamine repeats. Expansion of the AR-polyglutamine tract to Ն40 repeats causes SBMA, an adult-onset neurodegenerative disease affecting brain stem and motor neurons. Although some SBMA patients show mild signs of partial androgen insensitivity (gynecomastia and testicular atrophy) they do not have a phenotype consistent with loss of AR function (testicular feminization). An interesting aspect of SBMA is that it essentially affects only males. In fact, there are reported cases of females who are homozygous for AR with an expanded polyglutamine tract (Schmidt et al. 2002) . These individuals show very mild signs of SBMA, indicating perhaps a high androgen level is a critical aspect of SBMA pathogenesis.
In 2002, two reports appeared-one using a transgenic mouse model of SBMA (Katsuno et al. 2002) and the other a Drosophila model (Takeyama et al. 2002) , in which the mutant phenotype was androgen dependent. In transgenic mice expressing intact AR with an ex- panded polyglutamine tract, only males developed motor neuron disease that was rescued by castration. Moreover, upon administration of testosterone to female mutant AR transgenic mice, they developed disease. Both the mouse and fly studies were interpreted as demonstrating that binding of androgen to the polyglutamine-expanded AR and the subsequent translocation of AR to the nucleus, both aspects of normal AR function, were required for onset of motor neuron disease. Subsequently, a study was performed in which the SBMA transgenic mice were treated with two androgen antagonists (Katsuno et al. 2003) . One agent, leuprorelin, was found to be very effective in rescuing all aspects of the disease phenotype. Leuprorelin is a luteinizing releasing hormone agonist that reduces release of testosterone from the testis and thereby reduces circulating levels of testosterone. This result supported the concept that ligand-induced nuclear translocation of mutant AR is a crucial aspect of SBMA pathogenesis. The second drug used to treat the SBMA mice, flutamide, had no effect on motor neuron disease. Flutamide has a very high affinity for AR and functions as an androgen antagonist by competing with testosterone for binding to AR. While flutamide suppresses the androgen-dependent transactivation activity of AR, it does not reduce plasma testosterone nor does it block nuclear translocation of mutant AR in either the mouse or Drosophila (Katsuno et al. 2002 (Katsuno et al. , 2003 Takeyama et al. 2002) . Thus, SBMA pathogenesis seems to be dependent on the translocation of mutant AR to the nucleus yet independent of ligand-induced activation of gene expression by AR.
SCA 17: neurodegeneration and the TATA-box-binding protein (TBP)
Expansion of the glutamine tract beyond 42 in the TBP results in an autosomal dominant form of spinocerebellar ataxia type 17 (SCA17) (Koide et al. 1999; Rolfs et al. 2003) . SCA17 is a progressive neurodegenerative disease with an onset typically in midlife. In addition to ataxia, patients with SCA17 suffer from dementia and, in some cases, epilepsy. At a pathological level, SCA17 consists of marked cerebella atrophy and, to a lesser extent, atrophy of the cerebral cortex.
TBP has long been known to be a general transcription factor and a crucial component of the core transcriptional complex, TFIID, which plays two important roles in the initiation of transcription for most eukaryotic genes (Gill and Tjian 1992) . Assembly of the TFIID complex is dependent on interactions between TBP and multiple TBP-associated factors. The TFIID complex is the first general transcription complex to bind to DNA, and this step is essential for initiating transcription by RNA polymerase II. TBP is the component of the TFIID complex that directs the complex to DNA by binding to the TATA-box. Which of these functions of TBP are disrupted by expansion of its polyglutamine tract associated with SCA17 is not known. Regardless, the fact that an expansion of the polyglutamine tract in TBP is associated with the neurodegenerative disease SCA17 strongly suggests disruption of an essential part of transcriptional initiation is at the heart of pathogenesis. Thus, of all of the polyglutamine disorders, SCA17 presents the clearest example of the paradox faced in understanding the molecular basis of each polyglutamine disease: How is it that a mutation in a widely expressed protein, and in some cases a protein with a function critical in many cell types, leads to a neurodegenerative disease that affects a restricted set of neurons? As we see from studies on SCA17, perhaps understanding the precise role of TBP in the TFIID/GTC complex in neurons will provide the answer.
SCA 7: a role in cell-specific chromatin structure
Similar to the other polyglutamine disorders, spinocerebellar ataxia type 7 (SCA7) is an autosomal dominant neurodegenerative disease (David et al. 1997) . SCA7 is clinically unique in that it is the only polyglutamine disorder in which the retina is affected, eventually resulting in blindness (Enevoldson et al. 1994) . Insight into the molecular basis of SCA7 has come largely from studies on the function of ataxin-7 in rod-photoreceptors.
It was recently observed that ataxin-7, the protein mutated in SCA7, is a subunit of the GCN5 histone acetyltransferase complexes TFTC (the TATA-binding protein-free TBP-associated factor-containing complex) and STAGA (the SPT3/TAF GCN5 complex) (Helmlinger et al. 2004 ). In retinas of SCA7 transgenic mice, with mutant ataxin-7 as a component of these GCN5 histone acetyltransferase complexes, there is an increased recruitment of the complexes to certain promoters and a subsequent hyperacetylation of histone H3 at the promoters of a subset of genes specifically expressed in rod photoreceptors (Helmlinger et al. 2006) . Importantly, this hyperacetylation leads to a down-regulation of transcription of these genes. Together with previous studies, these results indicate that rods uniquely require chromatin condensation for the proper level of expression of a set of genes required for rod differentiation and function (Neophytou et al. 2004; Zhang et al. 2004) . By a mechanism yet to be determined, expansion of the polyglutamine tract in ataxin-7, a component of GCN5 histone acetyltransferase complexes, enhances their recruitment to rod-specific genes and thus alters chromatin structure at these genes.
Crucial to the hypothesis put forward by Helmlinger et al. (2006) is the idea that mutant ataxin-7 enhances the localization of TFTC/STAGA complexes to rodspecific genes rather than affecting complex assembly or HAT activity per se. In contrast, studies on the yeast STAGA homolog SAGA suggested that expression of mutant ataxin-7 disrupted SAGA assembly and decreased HAT activity (McMahon et al. 2005; Palhan et al. 2005) . It was further suggested that a photoreceptorspecific disruption in gene expression was associated with changes in the function of the photoreceptorspecific transcription activator CRX (La Spada et al. 2001) . It was reported that in mice overexpressing mutant ataxin-7, mutant ataxin-7 interacted with CRX and induced its decrease, as well as a decrease in CRX-mediated gene expression. However, a subsequent study using a mouse knockin model of SCA7, where an expanded CAG repeat was introduced into the endogenous mouse Sca7 gene, found substantial disruption of photoreceptor gene expression without changes in CRX levels or changes in the expression of several genes whose expression is known to be CRX-mediated (Yoo et al. 2003) . Together these results provide a very important lesson. While basic pathways associated with the polyglutamine proteins can be elucidated from model systems that employ lower organisms and/or the overexpression of mutant protein, the specifics of how the mutant protein alters function are better examined by using accurate genetic mammalian in vivo models.
SCA1: corepressors and remodeling at sites of transcription
Spinocerebellar ataxia type 1 (SCA1) was the first of the autosomal dominant ataxias for which the gene was cloned (Orr et al. 1993) . Typical clinical features of SCA1 in patients include gait ataxia, dysarthria, and bulbar dysfunction, with death usually between 10 and 15 yr after the onset of symptoms. Despite the protein ataxin-1 being widely expressed in the central nervous system, the most frequently seen and most severe pathological alterations are restricted to loss of Purkinje cells in the cerebellar cortex, as well as loss of neurons in the inferior olivary nuclei, the cerebellar dentate nuclei and the red nuclei.
Normally ataxin-1, the product of the SCA1 gene, is prominently located in the nuclei of neurons (Servadio et al. 1995) . Indication that SCA1 pathogenesis was due to alterations in nuclear function began with the observation that for mutant ataxin-1 to cause disease, it had to enter the nucleus of Purkinje cells (Klement et al. 1998) . Consequent studies revealed that wild-type ataxin-1 has properties consistent with a role in the regulation of gene expression in the nucleus. These include the ability to bind RNA (Yue et al. 2001) and to shuttle between the nucleus and cytoplasm (Irwin et al. 2005) . Subsequently, gene profiling analyses of SCA1 transgenic animals showed a decrease in numerous genes during early development of Purkinje cells (Lin et al. 2000; Serra et al. 2004) . Specifically, the glutamate transporter EAAT4 was down-regulated, as well as four other genes that localized to the dendritic tree of Purkinje cells, the primary site of pathology in SCA1 (Serra et al. 2004 ). The downregulation of specific neuronal genes occurred before the onset of detectable SCA1 pathology, hinting at the possibility that decreased transcription of specific neuronal genes mediates early cytotoxicity of SCA1. A genetic screen in Drosophila aimed at identifying modulators of SCA1 toxicity reported enhanced neurodegeneration of a SCA1 Drosophila model when genes encoding transcriptional corepressors were reduced (Fernandez-Funez et al. 2000) .
Two groups have confirmed the ability of ataxin-1, independent of glutamine repeat length, to repress transcription when tethered to artificial promoters (Tsai et al. 2004; Okazawa et al. 2002) . In 2002, one of these groups showed the ability of mutant ataxin-1[82Q] to repress transcription was enhanced in the presence of PQBP-1 (polyQ-binding protein) (Okazawa et al. 2002) . PQBP-1 has been described as a binding partner of the active, phosphorylated form of the CTD (C-terminal domain) of Pol II, the neuronal transcription factor Brn-2 (Waragai et al. 1999) , the RNA splicing factor U5-15kDa, and the RNA-binding protein NpwBP (Komuro et al. 1999a,b) . The interaction between mutant ataxin-1[82Q] and PQBP-1 decreased the phosphorylation of Pol II, suggesting a possible mechanism for the decrease in transcription.
In addition to demonstrating ataxin-1's ability to mediate transcriptional repression and bind chromosomes, Ron Evans's group (Tsai et al. 2004) showed an interaction of ataxin-1 with the corepressors, silencing mediator of retinoid and thyroid hormone receptors (SMRT) and histone deacetylase 3 (HDAC3). There was enhanced Drosophila eye neurodegeneration when SMRTER (Drosophila homolog of SMRT) and mutant ataxin-1[82Q] flies were crossed compared with mutant ataxin-1[82Q] alone (Tsai et al. 2004 ). The investigators concluded that perturbation of corepressor-dependent transcriptional pathways by mutant ataxin-1[82Q] contributes to SCA1 pathogenesis (Tsai et al. 2004 ). Transcriptional regulation is highly dynamic, and the release of SMRT and its paralog, N-CoR, coincides with the acquisition of coactivators and the activation of transcription (Privalsky 2004) . Perhaps mutant ataxin-1[82Q] impairs this association/dissociation of SMRT/N-CoR from sites of transcription.
The roles of regions outside the polyglutamine stretch in mediating mutant ataxin-1 toxicity have been established; however, two recent reports have underscored the importance of ataxin-1's AXH (ataxin-1 and HMGbox protein 1) domain in mediating transcriptional regulatory events and neurodegeneration (Mizutani et al. 2005; Tsuda et al. 2005) . Overexpression of mutant ataxin-1 resulted in a reduction of the transcription factor Senseless (Sens)/Gfi-1 in Purkinje cells. The investigators demonstrated that this decrease in Sens/Gfi-1 activity was a result of decreased protein levels, not RNA levels. Mutant ataxin-1[82Q] interacts with Sens/Gfi-1 via ataxin-1's AXH domain, and deletion of the AXH domain abrogated the decrease in Sens/Gfi-1 activity. It was also shown that if the proteasome was pharmacologically inhibited, there was an increase in ubiquitylated Sens/Gfi-1, suggesting that ataxin-1 enhanced the degradation of Sens/Gfi-1 via the ubiquitin proteasome system. This is interesting in light of the second report in which the level of Boat (Brother of ataxin-1) was reduced in the Purkinje cells of SCA1 transgenic mice (Mizutani et al. 2005 ). It was not demonstrated that this was due to enhanced proteasomal degradation, but it seems probable in light of the Sens/Gfi-1 result. Boat also contains an AXH domain important for Boat's interaction with SMRT and ability to repress transcription (Mizutani et al. 2005 ).
In Drosophila, a Boat-ataxin-1 interaction reduced the neurotoxicity associated with mutant ataxin-1[82Q] suggesting the decreased levels of Boat observed in SCA1 transgenic mice could contribute to SCA1 pathology.
Regulation of gene expression is highly coordinated and the dynamic properties of chromatin exert a regulatory role. SUMOylation has been shown to facilitate a "hit and run" mode of interaction/regulation of gene expression (Johnson 2004; Muller et al. 2004 ). Previously, it was shown that mutant ataxin-1[82Q] redistributed PML oncogenic domains (PODs) to large mutant ataxin-1[82Q] foci or nuclear inclusions (NIs) (Skinner et al. 1997) . In addition to SUMOylated PML, PODs contain other SUMOylated proteins including transcriptional corepressors (Borden 2002 ). Ataxin-1 was shown to be SUMOylated on at least five lysine residues, two of which are in the AXH domain (Riley et al. 2005 ). Ataxin-1 SUMOylation was dependent on the length of the polyglutamine tract, the ability of ataxin-1 to be phosphorylated at serine776 and the integrity of ataxin-1's nuclear localization signal. Ataxin-1's dependence on phosphorylation and nuclear localization is reminiscent of other nuclear body proteins, namely, PML, Sp100, and HDAC4 (Johnson, 2004) . Most targets of SUMOylation are nuclear proteins with many having a role in gene transcription (Seeler and Dejean 2003) . Supporting this is the observation that SUMOylation of PML, Sp100, and HDAC4 controls their nucleocytoplasmic trafficking as well as their ability to function as transcriptional corepressors. These results suggest that ataxin-1's SUMOylation could be linked to its ability to regulate transcription.
Huntington disease: disruption of glutamine-rich transcription factors
Huntington disease (HD), the most prevalent of the polyglutamine neurodegenerative disorders, is a fatal inherited neurodegenerative disorder affecting the cerebral cortex and striatum. HD is characterized clinically by a typically late-age-at-onset and progressive loss of motor and cognitive functions. The age of onset of HD correlates with the length of the polygutamine tract in the N-terminal region of the huntingtin protein. The first indication that alterations in nuclear function underlie HD pathogenesis came from a study demonstrating that for the N-terminal polyglutamine fragment of huntingtin to be toxic, it had to enter the nucleus (Saudou et al. 1998) .
Two transcriptional pathways are more extensively implicated in HD, the CBP/p300 and Sp1 pathways. These are transcription factors whose functions are vital for the expression of many genes. The postulated relationship between CBP and HD stems from studies showing that CBP is found in polyglutamine aggregates (see Kazantsev et al. 1999) . Consequently, it was demonstrated that huntingtin and CBP interact via their polyglutamine stretches, that huntingtin with an expanded polyglutamine tract interferes with CBP-activated gene expression, and that overexpression of CBP rescued polyglutamine-induced toxicity in cultured cells (Nucifora et al. 2001; Steffan et al. 2001) . Mutant huntingtin was also shown to interact with the acetyltransferase domain of CBP and inhibit the acetyltransferase activity of CBP, p300, and the p300/CBP-associated factor P/CAF (Steffan et al. 2001 ). These observations prompted a hypothesis whereby the pathogenic process was linked to the state of histone acetylation; specifically, mutant huntingtin induced a state of decreased histone acetylation and thus altered gene expression. Support for this hypothesis was obtained in a Drosophila HD model expressing an Nterminal fragment of huntingtin with an expanded polyglutamine tract in the eye. Administration of inhibitors of histone deacetylase arrested the neurodegeneration and lethality (Steffan et al. 2001) . Protective effects of HDAC inhibitors have been reported for other polyglutamine disorders, prompting the concept that at least some of the observed effects in polyglutamine disorders are due to alterations in histone acetylation (Hughes 2002) . This has lead to several preclinical studies (see Ferrante et al. 2003; Hockly et al. 2003; Minamiyama et al. 2004; Gardian et al. 2005) . It remains to be seen whether HDAC inhibitors, such as FDA-approved SAHA, have use for the treatment of HD and the other polyglutamine disorders. It is perhaps important to note that the evidence linking histone acetylation to polyglutamine pathogenesis is based for the most part on work performed using a fragment of the mutant polyglutamine protein. Thus, the biological relevance of this work is dependent on the extent to which pathogenesis fundamentally rests on properties of the polyglutamine tract.
Studies published in 2002 revealed that the N-terminal fragment of huntingtin and intact huntingtin interact with Sp1 (Dunah et al. 2002; Li et al. 2002a ), a transcriptional activator that binds to upstream GC-rich elements in certain promoters. It is the glutamine-rich transactivation domain of Sp1 that selectively binds and directs core components of the general transcriptional complex such as TFIID, TBP and other TBP-associated factors (TAF ii s) to Sp1-dependent sites of transcription. Intriguingly, one study showed that both Sp1 and TAFII130, a Sp1 coactivator, interact with full-length huntingtin and this interaction was enhanced by increasing the polyglutamine tract length in huntingtin (Dunah et al. 2002) . These investigators went on to perform some additional analyses, the sum of which provide a very tantalizing link between the actions of mutant huntingtin and a negative effect on Sp1-mediated transcription. For example, in the presence of mutant huntingtin, the interaction between Sp1 and TAFII130 was decreased in postmortem human HD brain and mutant huntingtin interfered with the DNA binding of Sp1.
In vitro transcription studies have gone on to show that in addition to targeting Sp1, mutant huntingtin targets TFIID and TFIIF, members of the core transcriptional complex (Zhai et al. 2005) . Mutant huntingtin was shown to interact with the RAP30 subunit of TFIIF. Notably, overexpression of RAP30 alleviated both mutant huntingtin-induced toxicity and transcriptional repres-sion of the dopamine D2 receptor gene. These results indicate that mutant huntingtin may interfere with multiple components of the transcription machinery.
Further indication that huntingtin functions in gene transcription comes from a recent study demonstrating SUMOylation of the N-terminal fragment of huntingtin in Drosophila (Steffan et al. 2004 ). SUMOylation of this huntingtin fragment reduced its ability to form aggregates, promoted its capacity to repress transcription, and enhanced its ability to induce neurodegeneration in Drosophila.
DRPLA: corepressor dysfunction
Dentatorubral-pallidoluysian atrophy (DRPLA) is a progressive neurodegenerative disease caused by the expansion of polyglutamine repeats within the atrophin-1 protein. Clinical manifestations of DRPLA include chorea, a lack of coordination, ataxia, and dementia. Studies have shown that in patients and DRPLA transgenic mice, there is an accumulation of an N-terminal cleavage fragment of mutant atrophin-1 within the nuclei of neurons. While the function of atrophin-1 is unknown, the protein contains a nuclear localization signal within its N terminus and a putative nuclear export signal (Nucifora et al. 2003) . In tissue culture cells, truncation of atrophin-1 increases nuclear localization of the N-terminal fragment and toxicity.
The strongest evidence that atrophin-1 has a role in the regulation of transcription comes from work in Drosophila (Zhang et al. 2002) . From a screen to identify Drosophila mutants having characteristics of human diseases, the fly homolog of human atrophin-1 was identified. Drosophila atrophin was found to interact genetically with the transcription repressor even-skipped and is required for its repressive activity. Both human atrophin-1 and Drosophila atrophin repress transcription. Expansion of the polyglutamine tract in atrophin-1 reduced its ability to repress transcription. From these observations, it was suggested that atrophin-1 can function as a transcriptional corepressor, and the deregulation of this activity by an expanded polyglutamine tract contributes to the neurodegeneration seen in DRPLA.
SCA3: a link to ubiquitin-proteasome regulation of transcription?
Spinocerebellar ataxia type 3 (SCA3), also known as Machado Joseph disease (MJD), is the most common of the autosomal dominantly inherited ataxias with several genetic features that distinguish it from many of the other polyglutamine disorders. In contrast to HD and SCA1, where the repeat threshold for mutant alleles is ∼40, in SCA3 the repeat threshold for the mutant alleles is >50 repeats. Moreover, although other polyglutamine disorders behave as pure dominant diseases, SCA3/MJD homozygous patients have a more severe disease presentation than individuals having only a single mutant allele.
Ataxin-3 contains an N-terminal Josephin domain (JD) with recently ascribed ubiquitin protease activity (Burnett et al. 2003; Scheel et al. 2003) , two ubiquitin interacting motifs (UIMs) capable of binding ubiquitin (Chai et al. 2004; Burnett et al. 2003; Donaldson et al. 2003) followed by a polyglutamine stretch, and a C-terminal variable domain. The crystal structure of the ataxin-3 JD provided insight into the potential function of ataxin-3 as a polyubiquitin chain editing protein by demonstrating a tight connection between polyubiquitin binding and the deubiquitylating activity of ataxin-3 (Mao et al. 2005; Nicastro et al. 2005) . Thus, there are considerable structural data indicating that ataxin-3 has a role in the ubiquitin and/or the ubiquitin-proteasome system.
The ubiquitin and ubiquitin-proteasome pathways are known to modulate transcription in several ways. An intriguing role for the ubiquitin-proteasome system is its proposed role in modulating gene transcription in response to changes in signal transduction (Freeman and Yamamoto 2001; Nawaz and O'Malley 2004) . In the case of the nuclear receptor superfamily, transcriptional activity requires proteasome-dependent degradation of the receptors at the promoters of target genes. The concept that is developing is one where the ubiquitin-proteasome system modulates transcription by promoting the remodeling and turnover of receptor-transcription complexes, that is, a continuous recycling process (Freeman and Yamamoto 2001) .
At this time evidence that ataxin-3 has a nuclear function-let alone a role in transcription-is limited. Ataxin-3 is reported to localize to the nucleus and interact with the nuclear matrix (Tait et al. 1998 ). Similar to other polyglutamine proteins, ataxin-3 sequesters transcription factors into NIs. One study has presented a detailed analysis of mechanisms whereby ataxin-3 may regulate transcription (Li et al. 2002b ). These investigators showed that the C terminus of ataxin-3 containing the polyglutamine stretch is the region responsible for interaction with CBP, p300, and PCAF. Mutant ataxin-3 interacted more efficiently than did wild-type ataxin-3, and, as expected, repressed CBP, p300, and P/CAF-mediated transcription. The C-terminal polyglutamine repeat was also able to repress CRE-mediated transcription, though a direct interaction between CREB and phospho-CREB was not detected.
Ataxin-3 is unique from the other polyglutamine diseases in that wild-type ataxin-3 expression in Drosophila protects neurons from toxicity initiated by other polyglutamine-expanded proteins (Warrick et al. 2005 ). This protection afforded by wild-type ataxin-3 was dependent on active proteasomes and both the UIM and ubiquitin protease domains of ataxin-3. Perhaps the remodeling/ recycling of transcriptional networks is ultimately perturbed in these polyglutamine diseases, and by controlling ubiquitylation, ataxin-3 alleviates the obstruction in assembly/disassembly at specific promoters.
SCA6: calcium channel and transcription regulation
Spinocerebellar ataxia type 6 (SCA6) is one of several inherited neurological disorders due to a mutation in the gene encoding the ␣1A transmembrane subunit of the P/Q type voltage-gated calcium channel CACNA1A (Pietrobon 2002) . The SCA6 mutation is an expansion of a polyglutamine tract located in the cytoplasmic C terminus of the intact ␣1A protein. Whereas the other polyglutamine disorders are caused by mutant alleles with polyglutamine tracts of ∼35 repeats and greater, the pathological range of SCA6 mutant alleles is 19-33 glutamines (Riess et al. 1997; Zhuchenko et al. 1997) . This led to the suggestion that perhaps SCA6 is an atypical polyglutamine disease.
Taking a cue from previous demonstrations that the C terminus of the ␣1A polypeptide has a critical role in channel function (Walker and De Waard 1998) , Kordasiewicz et al. (2006) recently showed that a C-terminal fragment containing the polyglutamine tract is cleaved from the endogenous ␣1A protein and localizes to the nucleus. Moreover, in transfected tissue culture cells and neurons, these investigators found that the polyglutamine-mediated toxicity of the C-terminal ␣1A fragment was dependent on its localization to the nucleus. Although the role of the ␣1A C-terminal fragment in the nucleus is unknown, these interesting results indicate that SCA6 pathogenesis likely includes nuclear processes.
Closing comments
As highlighted in this review, there is substantial evidence linking the function of the polyglutamine disease-associated proteins with the regulation of gene transcription. Not surprisingly, given that regulation of transcription involves many different types of proteins, a variety of mechanisms have been suggested by which the polyglutamine proteins impact upon transcription (Fig. 1) . These include altering the function of a very specific DNA-binding factor like the AR (SBMA), general DNA-binding proteins like TBP (SCA17), Sp1, TFIID and TFIIF (HD), chromatin structure (SCA7), coregulators (HD, SCA1, and DRPLA), and possibly the ubiquitinproteasome system (SCA3). It is also important to note that in the case of some of the polyglutamine proteins, there is evidence they impact other biological processes important for neuronal function, for example, intracellular trafficking (Gunawardena and Goldstein 2005) and the mitochondrial/energy metabolism (Browne and Beal 2004) . The ability of proteins to function in multiple systems is well known. Thus, whether a polyglutamine protein functions in one pathway should not be viewed as evidence that it does not function in other systems. The goal should be to determine if one pathway has a greater impact on pathogenesis over the others.
A final point concerns the extent to which the present understanding of the role of these polyglutamine proteins as transcriptional regulators explains the cellular specificity that typically characterizes each disease. Admittedly there is still a long way to go. Disrupting the function of a broadly used transcription factor, for example, TBP, Sp1, and CBP, seems to offer little mechanistic insight into cellular specificity. Returning to the concept of the importance of "host" protein sequences in pathogenesis, it is these sequences that vary between the polyglutamine proteins. It is reasonable to suggest that interactions dependent on "host" protein sequences bring about the specific cellular pattern of pathogenesis that distinguishes each of the polyglutamine disorders from the others. Support for this idea comes from recent work on SCA1 (Tsuda et al. 2005) . Ataxin-1 interacts via its AXH domain with the transcription coregulator Gfi-1 and Gfi-1 expression in the cerebellar cortex is specific to Purkinje cells. Furthermore, partial loss of Gfi-1 function enhanced mutant ataxin-1-induced pathogenesis. Depicted are the core transcription complex (TFIID/GTC) that binds to the TATA-box, RNA polymerase II (Pol II), 5Ј upstream binding factors (UTC) that would include the nuclear receptors and Sp1 that binds to GC-rich elements, and the coregulator complexes (coactivators and corepressors) that interact with the DNA-binding complexes. In addition, two free complexes that impact upon these complexes at the promoter are the GCN5 histone acetyltransferase complex (TFTC) and the proteasome along with ubiquitin (ub) chains. Placed on this schematized diagram are each of the polyglutamine disorders discussed. Their position indicates where the respective proteins may act to disrupt transcription. The degree of red shading reflects the extent to which the evidence supports their placement (darkest indicates the strongest evidence).
